This paper highlights the role of plant volatile organic compounds, found in essential oils, for the treatment of bacteria related inflammation. This report is focused on tea tree oil, particularly its main compound terpinen-4-ol. Analysis of the published literature shows that many essential oils have significant antibacterial, antifungal and anti-inflammatory effects. Some of their major components, such as terpinen-4-ol, act by inhibiting pro-inflammatory cytokine expression while stimulating production of anti-inflammatory cytokines. Such observations may be exploited to encourage biotherapy against mastitis. The use of synthetic antibiotics is being increasingly discouraged because their presence in dairy milk may have potential downstream effects on population health and the agri-food chain. In the context of inflammation and related mammalian responses, understanding the interplay between volatile organic compounds, especially terpinen-4-ol, and cytokines during bacteria related inflammation should clarify their mode of action to control mastitis.
During the early twentieth century, when there was no antibiotic treatment for infectious diseases, persons at risk of developing infectious diseases, such as tuberculosis, were placed in Preventoria or Sanatoria located in therapeutic landscapes, especially in pine forests. In those establishments fresh air containing the forest evaporate was used as the driving force of preventive care and treatment of infectious diseases [10] . Later, many studies described how the fresh air from forests was rich in therapeutic and antibacterial VOCs, such as monoterpenes [7, [11] [12] [13] .
In folk medicine, plant constituents have long been used as alternative treatments for a wide range of diseases, including inflammatory phenomena of diverse origins. Such complementarities in disease treatment have provided symptomatic relief comparable with that obtained from allopathic medicines [14] . To date, EOs are typically and extensively used in pharmacy, medicine, food and beverages, cosmetics, perfumery and aromatherapy [15, 16] . Due to their terpenoid components, EOs have been recognized to be active against bacteria, yeasts and to possess anti-inflammatory effects [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . Tea tree oil (TTO) is the essential oil from the endemic Australian plant, Melaleuca alternifolia (tea tree). Obtained by steam distillation of wet tea tree leaves, TTO contains about 100 volatile components, such as active terpinen-4-ol, α-terpineol and 1,8-cineole [28] [29] [30] [31] [32] . Although some plants EOs have demonstrated therapeutic benefits, there is still a need for experimental evidence to clarify the typical mechanisms by which such EOs act. Concentration-dependent effects on target organs can either provoke health benefits or toxic side-effects [33] [34] . Recent evidence indicates that some compounds are effective at inhibiting eosinophil function and/or eosinophil infiltration [35] . Many of these compounds, such as terpinen-4-ol, act by inhibiting the expression of pro-inflammatory cytokines to immune response during bacterial infection [27, [36] [37] [38] .
Cytokines are important chemical regulators of the host immune response to infection, inflammation, and trauma. Under specific conditions some cytokines may act to increase disease symptoms by stimulating pro-inflammatory immune responses. However, other classes of cytokines serve to reduce inflammation and promote healing (anti-inflammatory) [39] [40] . This review examines the interaction of plant essential oils, particularly tea tree oil (TTO) and its components, with pro-and anti-inflammatory cytokine responses in mononuclear cells. The aim of this review is to explore potential biotherapy routes potentially applicable to various bacterial derived inflammations, especially bovine mastitis in dairy herds. Given that there are more that 247. 6 10 6 milking cows in the world's active herds, maintaining their health is a global challenge [41] . The use of synthetic antibiotics is less desirable because their residues can gain entry into the commercial milk chain and promote antibiotic resistance in both cow and human populations.
Given the startling rise in MRSA (methicillin-resistant Staphylococcus aureus) and Clostridium difficile type cases recently, there is increasing urgency to utilize effective treatment strategies offered by natural product chemistry [42] . Figure 1 : The inflammatory pathway. a) A generic inflammatory pathway consists of inducers, sensors, mediators and effectors. b) Inducers of inflammation can be classified as exogenous or endogenous, and these two groups can be further classified as shown. Extracellular matrix (ECM); Microbialassociated molecular pattern (MAMPs) [44] .
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Inflammation
The inflammatory response
The inflammatory process is the set of events or reactions of a host organism to a pathogen attack or internal cell malfunctions. Inducers of inflammation can be either exogenous or endogenous. Exogenous inducers can be microbial and non-microbial (Fig. 1 ). There are two classes of microbial inducers: microbial-associated molecular patterns (MAMPs) and virulence factors. Endogenous inducers are caused by stressed or damaged tissues and cells [43] [44] .
Organisms respond to pathogen attack by secreting mediators, which can be pro-or anti-inflammatory. Inflammation can result in killing or degradation of the pathogen by neutrophils in blood and macrophages in tissues. Tissue response is a function of the type or phase of inflammation [45] . Adaptive and natural immune reactions involve systematic antigen recognition and specific antibody production. Innate immune reactions that are non-specific consist of physical and chemical barriers such as skin, gastric acid, mucus, and tears, including also active mechanisms performed by phagocytes. Considering mammals for example, in cow udders and the nursing mother, breast, teat tissue and skin are considered the first line of defense against infections. The importance of preserving teat skin conditions has been recognized as one of the most important factors to reduce the risk of infections from environmental pathogens living in dairy herds because the mucosalassociated lymphoid tissues contain phagocytes [46] . One important group of phagocytes is macrophages that release cytokines at sites of infection [27] . There are two important biological classes of cytokines, one that promotes inflammation called pro-inflammatory cytokines, and another that suppresses the activity of proinflammatory cytokines, called anti-inflammatory cytokines [45] . Pro-inflammatory cytokines act by causing changes that allow the immune system to gain access to tissue. Interleukin-1 (IL-1) and tumor necrosis factor (TNF) are produced during inflammatory diseases and function as pro-inflammatory cytokines. Other cytokines, such as interferon (IFN) gamma, IL-12 and IL-18 have pro-inflammatory properties. Their production modulates the production of and cellular response to IL-1 and TNF. The principal role of anti-inflammatory cytokines is to inhibit the synthesis of IL-1, TNF-α, and other major pro-inflammatory cytokines. Major antiinflammatory cytokines produced by Th2 cells are IL-4, IL-5, IL-10, and IL-13 ( Fig. 2) [39, 45, [47] [48] [49] .
Mastitis inflammation
Mastitis, or inflammation of the mammary gland, is the most common and costly disease of dairy cows throughout the world [50] . Although stress and physical injuries may be other causes of inflammation of the udders, infections by bacteria or other microorganisms remain the major cause [51, 52] . The most common aetiological agents include Staphylococcus aureus, various streptococci (Streptococcus dysgalactiae, Streptococcus uberis), and coliforms (Escherichia coli), which can be contracted from other infected cows or directly from the environment [53, 54] . In response to bacterial infiltration in dairy cows, there are two major forms of inflammation of the mammary glands: clinical and subclinical mastitis.
Clinical mastitis significantly affects milk quality and quantity. Such milk exhibits formation of flakes and clots, decreased protein, fat, and lactose contents, and increased somatic cell counts (SCC). Furthermore, the infected udder becomes swollen, red, hot, and sometimes painful to be touched. In many cases, the animal shows generalized reactions such as fever, loss of appetite, diarrhea, weakness, depression and shock [53, [55] [56] . Milk containing somatic cells is barred from entering the dairy chain by the food and health authority of most countries [57, 58] .
Subclinical mastitis is more difficult to detect, because of the absence of visible abnormalities in milk and udders, as well as of systemic signs of illness. In many cases, SCC, which measures the number of leucocytes/mL of milk, is a convenient and effective indicator of infection [51, 59] . In other cases, the detection in milk of pro-inflammatory cytokines, such as IL-6, TNF-α and IL-1, as well as biomarkers such as haptoglobin (Hp), lactate dehydrogenase (LDH), N-acetyl-β-D-glucosaminidase (NAGase) and alkaline phosphatase (AP), offer alternative diagnostic methods [59] [60] . The treatment and prevention of mastitis still require the aggressive use of conventional antibiotics that appears to have facilitated the emergence of multi-drug resistant microorganisms [42, 61] . Alternative and complementary approaches are therefore sought. Essential oils present promising characteristics for not only improving the quantity and quality of dairy foods but also the broader agri-food chain as well.
Essential oil compounds and their beneficial effects
Essential oil compounds as antioxidant in food
The role of fruit and vegetables in human nutrition and public health is given serious import in most nutritional recommendations.
Essential oils and mastitis
Natural Product Communications Vol. 7 (5) 2012 677 Besides vitamins and necessary factors, fruit and vegetables contain many phenolic substances, terpenoids and other natural antioxidants that have been associated with a lowered risk of contracting chronic diseases such as heart disease or cancer [62] [63] . Terpenoids are one of the major classes of compounds in essential oils found in nearly all natural foods. The major subclasses are monoterpenes, diterpenes and tetraterpenes. These compounds are implicated in several important functions in plants, animals and humans [64] . Some terpenoids act as allelopathic agents and plant protectors, attractants in plant-plant or plant-pathogen/herbivore interactions or repellants.
The significant impacts of essential oils either on human metabolism or biomarkers have been shown to regulate oxidative stress, carcinogenesis and cardiovascular diseases [65] [66] . As an example, essential oil from the leaf of indigenous cinnamon (Cinnamomum osmophloeum), especially its main constituent cinnamaldehyde, is able to reduce reactive oxygen species (ROS) release from LPS stimulated J774A.1 macrophages [67] . The in vitro investigation of the anti-inflammatory effects of limonene from yuzu peel suggested that it may have a potential antiinflammatory effect on bronchial asthma by inhibiting ROS production, as well as the production of some cytokines [35] .
Essential oil constituents and their anti-inflammatory activities
Many essential oils are obtained by steam distillation of their respective plant biomass and are extensively used in several industrial sectors. Juergens et al. [68] demonstrated that mint oil, especially its major component L-menthol, significantly suppressed the production of pro-inflammatory inducers in vitro. About six years later, the same team, confirmed later by other studies, was able to demonstrate that Eucalyptol (1,8-cineole) from many EOs, significantly inhibited cytokine production in lymphocytes (TNF-α, IL-1β and IL-5) and monocytes (TNF-α, IL-1β, IL-6 and IL-8) with smaller effects on chemotactic cytokine expression [23, [69] [70] [71] . Chao et al. in 2005 demonstrated that the essential oil from leaves of indigenous cinnamon (C. osmophloeum) at a dose of 60 µg/mL can have a real capacity to inhibit proIL-1a protein expression induced by lipopolysaccharide (LPS)-treated J774A cells in vitro [36] . Three years later, the same research team attributed the antiinflammatory effect of C. osmophloeum to its main component, cinnamaldehyde, which inhibits the secretion of IL-1β and TNF-α within LPS or lipoteichoic acid (LTA) stimulated murine J774A.1 macrophages. Following a similar action, the same component (cinnamaldehyde) can also suppress the production of these cytokines in LPS stimulated human blood monocyte derived primary macrophages and human THP-1 monocytes. Furthermore, cinnamaldehyde also inhibited the production of prointerleukin1beta within LPS or LTA stimulated human THP-1 monocytes.
Studying even more complex molecules, tetranortriterpinoids from Carapa guianensis presented remarkable anti-inflammatory activity in knee joint inflammation [38] , as well as the use of plant derived sesquiterpene that can decrease airway allergic inflammation by reducing eosinophil recruitment to the broncho-alveolar lavage fluid. In addition, α-humulene reduced IL-5 production by decreasing NF-kB and the AP-1 transactivation in mediastinal lymph nodes [14] .
In a dose-dependent manner, Artemisi fukudo essential oil blocked LPS-induced NF-kB activation and the translocation of p50 and p65 subunits to the nucleus leading to reduced TNF-α, IL-1β, and IL-6 production [34] . A previous study indicated that the same cytokines production was inhibited by essential oils from Cymbopogon citratus [72] .
Tea tree oil and its major component terpinen-4-ol: their roles in cytokine activation
Tea tree oil (TTO):
The anti-inflammatory properties of TTO and its components are of considerable interest. TTO is able to partition into the phospholipid layers of bacterial cytoplasmic membrane and disrupt its hydrophobicity. This property may explain the microbiocidal activity of TTO and the ability of terpinen-4-ol to enhance percutaneous absorption [73] . Some of these properties include suppression of superoxide and cytokine production by stimulated monocytes, and reduction of edema following provocation of contact hypersensitivity or injection of histamine in mouse ears [74] . TTO affects a range of immune responses, both in vitro and in vivo. TTO components can have inhibition effects on lipopolysaccharide-induced production of the inflammatory mediators TNF-α and IL-1β by human peripheral blood monocytes [28] . The water-soluble fraction of TTO can suppress agoniststimulated superoxide production by monocytes [75] . Furthermore, TTO at 0.1% directly stimulated ROS (reactive oxygen species) production by monocytes and polymorphonuclear neutrophils [37] . TTO reduces IL-2 secretion while increasing the secretion of the anti-inflammatory cytokines IL-4 and IL-10. Therefore, TTO may not only act as an anti-inflammatory, but may also efficiently protect the organism by reducing the proliferation of inflammatory cells without affecting their capacity to secrete anti-inflammatory cytokines [76] [77] .
Additional research demonstrated that TTO inhalation exerts a strong anti-inflammatory influence following injection of the inflammatory glucan, zymosan, into mice [78] . Throughout such studies of the many constituents of TTO, one monoterpene in particular, terpinen-4-ol, has arisen as a key bioactive. Its concentration is between 30-48% of the TTO [79] .
Terpinen-4-ol:
Many antibacterial and anti-inflammatory activities of TTO can be attributed to its major active component, terpinen-4-ol. Terpenes, particularly terpinen-4-ol, act as skin penetration enhancers and agents involved in the prevention and therapy of several inflammatory diseases [80] . The study investigating the metabolism of (+)-terpinene-4-ol by human liver microsomal P450 enzymes showed that recombinant enzymes CYP1A2, CYP2A6 and CYP3A4 are responsible for the conversion of terpinen-4-ol to 678 Natural Product Communications Vol. 7 (5) 2012 Taga et al. The water-soluble fraction of TTO, terpinen-4-ol, decreases the production of TNF-α, IL-1β, IL-8, IL-10, and prostaglandin E2 in LPS-activated monocytes [82] . It also suppresses superoxide production by agonist-stimulated monocytes and reduces histamineinduced skin edema after histamine injection [28] . Terpinen-4-ol applied to human skin 10 min after histamine injection reduced the wheal and flare response [74] . Terpinen-4-ol can impair the growth of human M14 melanoma cells and also appears to be more effective on drug resistant variants [83] . TTO and terpinen-4-ol effects on the cellular viability of two tumor cell lines and fibroblast cells indicated that they can significantly inhibit the growth of tumor cell lines [84] [85] . The evaluation of antiseptic effect through white blood cell activation indicated monocytic differentiation after treatment with terpinen-4-ol [86] . Given such positive evidence of its beneficial effects it is not surprising that terpinen-4-ol has found increasing use in the dairy chain.
Antibacterial action and mechanism of TTO Staphylococcus aureus, various streptococci (Streptococcus dysgalactiae, S. uberis), and coliforms (Escherichia coli) are the most important mastitis causing bacteria [51] [52] [53] [54] . To fight against them, many essential oils, especially tea tree oil (TTO), function by compromising the bacterial cytoplasmic membrane leading to the formation of mesosomes, and the loss of cytoplasmic material. In addition, treatment of E. coli or S. aureus with TTO also destabilizes potassium ion gradients, inhibits respiration, and promotes membrane leakiness [18] [19] . While many mastitis causing bacteria are developing resistance against classical antibiotics, the development of multistep antibiotic resistance in the presence of tea tree oil or terpinen-4-ol has not been observed to have any significant impact thus far [87] . Table 1 presents the susceptibility of some of those bacteria tested against Melaleuca alternifolia oil.
Toxicity of tea tree oil
Beside these positive attributes provided by TTO and its components, some toxicity has been observed. TTO poisonings are not frequent, but they do occur sometimes. Although no human deaths due to TTO have been reported in the literature, it is toxic when ingested. TTO, as other essential oils, are graded on a LD 50 All values are expressed as the final concentration (% v/v) of tea tree oil present. MIC is the minimum inhibitory concentrations.
basis, which is the lethal dose needed to kill 50% of the animals. The 50% lethal dose for TTO in a rat model ranges from 1.9 to 2.6 mL/kg. Rats dosed with 1.5 g/kg TTO or less will appear lethargic and ataxic. TTO can cause both irritant and allergic reactions. The irritation capacity of TTO depends of many factors such as the concentration and the behavior of the organism on which it is tested. Thus, a concentration of 10% TTO when tested on dermatological patients did not show irritant reactions. A 30-day skin irritation test in rabbits with ≤25% TTO in paraffin showed microscopic skin changes, while 50% showed little irritation and 75% was slightly irritating. Undiluted TTO tests on rabbits can trigger irritations within 24 hours. The EU directive also states that tea tree oil is toxic to cats. About 1.5 to 3 teaspoons of tea tree oil can be lethal to 50% of cats. Dermal application on the skin of cats of approximately 120 mL can result in symptoms of hypothermia, dehydration, trembling and death [15, 91] .
The major irritant in TTO is 1,8-cineole. Some toxicity effects might come from various oxidations of TTO components when exposed to light and/or air, as 1,2,4-trihydroxymenthane. As TTO ages, it breaks down into substances susceptible to cause allergic and irritation reactions. Its components may change considerably during storage, with p-cymene levels increasing and γ-terpinene levels declining. Thus, light, heat, exposure to air, and moisture can affect oil stability. As a result, fresh TTO is thought to cause fewer problems than more aged Oleum melaleuca [15, [17] [18] [91] [92] . 1993 Rajamannan came out with the first patent on "product and process for treating bovine mastitis and bovine metritis" [93] . Five years later, another patent was issued in the same field of treating bovine mastitis [94] .
Essential oils and mastitis
In 2001, 2002 and 2004, many other patents were published both in Europe and the Americas, highlighting the phyto-derivative disinfectant solution for veterinary use as an anti-mastitis treatment of milk-producing animals [95] [96] [97] . More recently other veterinarian products have appeared containing terpinen-4-ol for the treatment and prevention of mastitis [98] .
Controlling the proliferation of bacteria involved in mastitis, as well as limiting antibiotic residues that persist during post-mastitis treatment, are currently of great concern in the dairy industries. The increased emergence of multidrug-resistant pathogens following the consumption of milk with antibiotic residue contents has become a serious concern. Aggressive use of antibiotics in the dairy chain has been identified as the principal cause and many countries are gradually substituting antibiotic therapy of cows with the use of natural novel compounds [51] . Hence, there is an urgent need for the discovery of new therapeutic agents with novel modes of action against pathogenic bacteria.
During dairy goat mastitis induced with Escherichia coli, IL-17 is one of the important mediators in mammary gland inflammation for bacterial clearance, while IL-6 and TGF-α stimulate IL-l7 producing cells [99] . This indicates that IL-6, TGF-α, IL-1β and ILl7 are some of the most common cytokines found in mastitic diseases that can contribute to infected and inflamed udder, causing them to become swollen, red, hot, and sometimes painful to the touch. So, in mastitis inflamed udders, similar to mouse paw edema induced by carrageenan application, essential oils containing terpenes from rosemary or tea tree can act by decreasing myeloperoxidase activity and IL-1β levels, which are proinflammatory cytokines. However, such essential oil effects can be time-and dose-dependant [23, 40] . Many compounds of tea tree oil, other than terpinen-4-ol, can directly have anti-inflammatory effects. As indicated above, 1,8 cineole, another important compound in tea tree oil, can significantly inhibit proinflammatory cytokine production such as TNF-α, IL-1β and IL-8, whereas α-pinene is able to inhibit translocation of NF-kB induced by LPS in the nuclear THP-1 cells [69] [70] [71] .
Plant extracts from ten plants used in the prevention and control of bovine mastitis in Southern Brazil were analyzed for in vitro antimicrobial activity against Staphylococcus aureus and Salmonella choleraesuis by the agar dilution method. Results showed that Alternanthera brasiliana, Achillea millefolium, Baccharis trimera and Solidago chilensis extracts were active against S. aureus, while Symphythum officinale, Sambucus nigra, Mentha sp., Ocimum basilicum, Parapiptadenia rigida and Cuphea carthagenensis extracts were active against both microorganisms. The data found in literature for several of these plants could justify the use in the bovine mastitis treatment for antimicrobial, antiinflammatory and wound healing activities [100] .
Besides their antibacterial activities, many essential oils and plantderived compounds act as stimulants in the production of antiinflammatory patterns such as ROS, IL-4 and IL-10, while inhibiting the pro-inflammatory cytokines TNF-α, IL-1β and IL-5 (Fig. 3) . This review demonstrates that EOs like TTO are an important area for future research on discovering new mechanisms that might help to control inflammatory responses. Investigations should also target mechanisms like the transdermal function of EOs as well as the biodistribution of monoterpenes after translocation through the skin barrier. Carrier pathways or various excipients need to be compared, be they via essential oils in lotion, provided in animal feed or made available in the surrounding air. Promising modalities of application and treatment include use of terpinen-4-ol and L-menthol in pharmaceutical and agri-food products [101] . The sooner we discover new means to enhance the dermal penetration and activity of EOs at appropriate target sites, be it in lungs or on skin of farm animals, greater will be the likelihood of a more secure and sustainable food chain.
Monoterpenes are a recent source of antimicrobials, complementary to a much older strategy of finding replacements for conventional fungal-sourced antibiotics like penicillin. Melaleuca alternifolia may have a long history as an herbal remedy for cuts and bruises, but it has only been reported as an antimicrobial in the conventional scientific literature since 1993 [102] [103] . In addition to essential oils and antibiotics, the antimicrobial peptides and antimicrobial proteins have also taken center stage as potential therapeutics [104] [105] . We have been using high throughput functional genomics screening techniques to see if AMPs can be sourced from synthetic DNA libraries [106] , insect cDNA libraries [107] , plant genomic libraries [108] , and rice root library [109] . However, at the same time, HACCP philosophy (hazard analysis at critical control points) must prevail and the dairy chain should rigorously explore complementary and alternative tools at the same time in order to reduce inflammation in animals and reduce conventional antibiotics in our food systems.
Conclusion:
During inflammation related infection, macrophages release cytokines at a potential infection site. Some of them can clearly promote inflammation and are called pro-inflammatory cytokines, whereas others suppress the activity of pro-inflammatory cytokines and are called anti-inflammatory cytokines. Many essential oils reduce the production of pro-inflammatory cytokines while increasing production of anti-inflammatory cytokine proteins. Tea tree oil and its major component, terpinen-4-ol, appear to manifest their activities by inhibiting the production of proinflammatory cytokines. Further research is called for in order to better understand the relationship between such economically important agricultural plants rich in essential oils and the well being of agricultural animal health. Given the ever increasing presence of tea tree oil components and such udder care products in the dairy chain especially, it is important to study the specific effects of individual terpenoids on and in mammary epithelial tissues. With the long tradition of aromatherapy and oleotherapy as a guide, the growing interest in terpinotherapy and its evolution will be interesting to follow.
